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Using the high-resolution pulsed field ionization-photoelect(Bfl-PE and PFI-PE-photoion
coincidence(PFI-PEPICQ techniques, we have examined the formation of methyl cationy(CH
from the dissociation of energy-selected H (X=Br and |) near their dissociation thresholds.
The breakdown diagrams for GM thus obtained yield values of 12.8340.002 eV and
12.269-0.003 eV for tke 0 K dissociative threshold or appearance enédgy) for CH; from
CH3Br and CHl, respectively. Similar to the observation in PFI-PE studies of, C&,H,, and
NH;, the PFI-PE spectrum for GBr exhibits a step at the 0 K AE for CH, indicating that the
dissociation of excited CiBr in high-n (=100 Rydberg states at energies slightly above the
dissociation threshold occurs in a time scalesdf0™ ' s. The observed step is a confirmation of the
0 K AE(CHjy) from CH;Br determined in the PFI-PEPICO study. The adiabatic ionization energies
(IEs) for the CHBr* (X 2E3,2,1,2) spin—orbit states were determined by PFI-PE measurements to be
10.5427-0.0010 and 10.86150.0010 eV, respectively, yielding the spin—orbit coupling constant to
be 25714 cm . The AECH;) values from CHBr and CHyl and the IECHzBr* (X 2Ej,)] value
obtained here, when combined with the known IE of CK9.8380:0.0004 eV and
IE[CHgl " (X ?E3j»)] (9.5381+0.0001 eV, have allowed accurate determination o th K bond
dissociation energies for GHBr (2.996+0.002 e\f, CH;—Br (2.291+0.002 eV}, CHs-I
(2.431+0.003 eV}, and CH —I (2.7310.003 eVj. Using the AECHQ’) from CH;Br and CHjl,
together with the know 0 K heats of formation 4¢HJ) for Br (117.93-0.13 kJ/mo), |
(107.16:0.04 kJ/mo), and CI{ (1099.05-0.33 kJ/mol, we have obtained more preciAqu
values for CHBr (—21.30+0.42 kJ/mol and CHl (22.43+0.50 kJ/mo). This experiment
demonstrated that highly reliakﬂbeg values for a range of molecules with error limits comparable
to those for some of the most precisely measured values, su&h—&CHLl), can be obtained by
PFI-PE and PFI-PEPICO measurements. 2@01 American Institute of Physics.

[DOI: 10.1063/1.1391268

I. INTRODUCTION using appropriate thermochemical cycles. In conventional
photoelectron spectroscopy and photoionization efficiency
Reliable predictions of chemical reactivity require accu-(PIE) studies, the error limits for measured energetic data are
rate energetic information for a broad range of moleculagenerally in the range of 1.3—8.4 kJ/nfof Considering that
species. For this reason, to establish an accurate thermphotoelectron spectroscopy and photoionization efficiency
chemical database for molecules has been a major pursuit gPIE) measurements are gas phase techniques and work well
both experimental and theoretical research in physicafor relatively small molecules, we believe that a realistic goal
science' > The photoionization techniques based on the deof these photoionization experiments should be to build the
tection of photoelectrons and photoions have a distinguishegest possible energetic data set for guiding the development
history in providing reliable energetic information for mol- of quantum chemical computation proceduté&’he estab-
ecules and their iorfsImportant energetic data obtainable lishment of reliable computation codes would then allow the
from photoionization experiments include ionization ener-prediction of energetic properties for molecular species that
gies(IEs) and 0 K dissociative photoionization thresholds orare not accessible to experimental investigations.
appearance energi¢Es) of molecules, from which 0 K Experimental energetic data for small molecules, includ-
bond dissociation energi€B,'s) and 0 K heats of formation ing those obtained in photoionization experiments, have in-
(A{HY) for the neutral and ionic species can be derived bydeed played an essential role in the development of quantum
chemical computation procedureé$Due to the advance in

dAuthor to whom correspondence should be addressed. Electronic maiﬁompUter_teChnOIOQ_ieS' S_igniﬁcam progress has been made in
cyng@ameslab.gov computation chemistry in the past decade. Currently, the

0021-9606/2001/115(9)/4095/10/$18.00 4095 © 2001 American Institute of Physics

Downloaded 04 Feb 2002 to 131.243.85.241. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



4096 J. Chem. Phys., Vol. 115, No. 9, 1 September 2001 Song et al.

Gaussian-2/Gaussian(@2/G3 procedured® are among the rium and kinetic measurements with temperatures well above
most popular quantum chemical computation schemes fdd K.

energetic calculations. These theories are “slightly” semi-  We have employed the PFI-PE and PFI-PEPICO meth-
empirical in nature because they contain a high level correceds for investigating the photoionization and dissociative
tion obtained empirically from a fit to a set of experimental photoionization of a series of small molecules, such ag,CH
energetic data, such as IEs, electron affinities, and heats &:H>, CHs, NH3, CHsCl, CHsBr, C3H,Cl, CsH/Br, and
formation, by minimizing the deviations between corre-CsH7l, with excellent results>~?°We found that the uncer-
sponding experimental and theoretical results. The G2ainties of someAHg values for the radicals and ion frag-
theory uses a data set of 55 molecules as compared to th@ents derived from these studies, such ag @htl CH; , are
use of a larger set of 299 molecules in the fitting for the G3now limited by the error limit forA{Hg(CH,).%?? In the
procedure§.As a result, the accuracy of G2/G3 predictions case of CHX (X=Br and ), the maximum differences or

is dictated by error limits of experimental data used in thediscrepancies among their previously reporgé 5q; values
fiting. At present, the G2/G3 predictions for IEs, electronar® 1.7-3.3 kJ/mdl.These discrepancies are significantly
affinities, and heats of formation for small main group mo-larger than the error limit of 0.33 kJ/mol fak{Hg(CHz)
lecular species are known to achieve an accuracy@B—  derived in the previous PFI-PEPICO study OEQH, We

5.4 kJ/mol as measured by the average deviations betwe&hOW here that by measuring accer@tK AE(CH; ) values

theoretical and experimental restisWithout doubt, the for reaction(l) using the PFI-PE and PFI-PEPICO method,

development of the next generation of computation proce!V® have obtained values fdrHG(CHzX) with significantly

dures would demand a more accurate experimental databaé@.proved precision,
The fact that standard computation codes can now CHX+hv—CHj+X+e™. 1)

achieve experimental accuracy has set a challenge for mod- . .
ern photoionization studies. The recent introduction of anqNe have also re-examined the |E of ¢Bi using the PFI-PE

. + B
array of pulsed field ionizatiofPFI) techniques, involving method. By measuring the 0 K AEH3) values for reac“;g”
79 .o (1) and IE of CHBr, together with the known IE of CH
PFI-photoelectron - (PFI-PB, PFI-photoion”  and we have deduced highly precig®, values for CH—X and
PFl-ion-pait! detection using lasetsand high-resolution gnly p

4
monochromatized vacuum ultraviolédvUV) synchrotron CHg =X
radiation*>~'* have greatly improved the achievable energy

resolution for photoionization measurements. These PFI

studies have shown to provide IE values with error limits||. EXPERIMENT

about 10-100-fold smaller than those observed in conven-

tional photoelectron and PIE studi®he recent implemen- The PFI-PE and PFI-PEPICO experiments were con-
tation of a high-resolution synchrotron based PFI-pg-ducted using the high-resolution VUV photoelectron-

; - hotoion facility of the Chemical Dynamics Beamline at the
photoion. coincidence(PFI-PEPICO method has made idvanced Li h); SourcéALS) 12'24T?1/e experimental proce-
possible the examination of unimolecular dissociation reac, h gb describ d in d 'Ip . E]%_Igffzg)yze
tions of ions with an internal energy selection of 0.6—1.0 ures have been described in detall previously.

meV [full width at half maximum(FWHM)], limited only by Thus, only a brief description is given here.

. In the present experiment, Ar was used in the harmonic
PFI-PE measurements. Furthermore, we have discovered that ) ; : : .
. " L ) . gas to filter higher undulator harmonics with photon energies
0 K AEs for dissociative photoionization processes involving

a range of molecules can be identified by a sharp step r%reater than 15.76 eV. The ALS was operated in the multi-
: - . i yunch mode with iod of 656 ns. Th [tibunch light
solved in the PFI-PE spectrut® The origin of this step is unch mode with a period o ns. the muitiounch fig

. . o structure consisted of 272 micro-VUV light pulsésulse
attributed to the lifetime switching effect at the 0 K AE, | .0 ps, separation of adjacent puls&sng followed

where excited parent molecules in higl{n=100) Rydberg by a dark gaglight off period) of 112 ns. A 2400 lines/mm

frgzze; V‘I’;‘h r?ihﬁ:ezr:ie%noe)s ?eredgg?vegg?eigtowietﬁdﬁi?] fre"’;ggrating (dispersior=0.64 A/mm was used to disperse the
g = ydberg 9€r first order harmonic of the undulator VUV beam with

lifetimes!® The measurement of breakdown curves for theantrance/exit slits set in the range of 30—108. The result-
parent and daughter ions in PFI-PEPICO measurements, g monochromatic VUV beam was then focused into the
gether with the observation of the PFI-PE step, has yieldednotojonization/photoexcitation(PI/PEX) center of the
highly reliable 0 K AE values for a range of molecules photoelectron-photoion apparatus. The photon enefgy) (
achieving error limits of about*+0.001 eV (0.10 (alibration was achieved using the XFP3,), Xe™ (?Ps)),
kd/mo).***® The 0 K AE values obtained in PFI-PE and and NO(X '3 *,»* =0) PFI-PE band€ recorded under the
PFI-PEPICO measurements have made possible the deterrsame experimental conditions before and after each scan.
nation d 0 K dissociation energieD’s), and 0 K heats of This calibration procedure assumes that the Stark shift for
formation(Ang’s) for many neutrals and ions with unprec- jonization thresholds of C§X and the rare gases and NO are
edented precisiotf % These 0 K energetic values, which identical. On the basis of previous experiments, the accuracy
measure differences between well defined molecular energyf the energy calibration is believed to be withih0.5
levels, are most appropriate for direct comparison with themeV?2

oretical calculations. We note that many energetic data for The PFI-PE detection was achieved by employing the
molecular species in the literature were obtained by equilibelectron TOF schem€.A dc field of 0.2 V/cm was main-
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tained at the PI/PEX region to sweep background electrons T T T A
formed by direct and prompt autoionization toward the elec-
tron detector prior to the application of the electric field
pulse for Stark ionization. The PFI pulgeeight=7.3 V/cm,
width=200 ng was applied~10 ns after the start of the dark
gap. The PFI pulse also served to extract PFI-photoions to-
ward the ion detector. Since the dark gap was only 112 ns in
duration, a finite overlap occurred between the PFI pulse anc
micro light pulses of the subsequent period, resulting in the
destruction of finite highs Rydberg CHX molecules.

The ion PFI-PEPICO TOF spectra were recorded using a
multichannel scaler triggered by the detection of PFI
electrons?* The average accumulation time for a PFI-
PEPICO TOF spectrum for G is ~20 min. The current
setup is sensitive to the ion kinetic enefdyChe analysis of
the Ar TOF peak obtained using a supersonic Ar beam re-
veals that the thermal background of Ar in the photoioniza-
tion chamber contributes=15% to the experimental Ar
sample. This 85:15 ratio is roughly consistent with the esti- 10.5427 &V
mated CHX densities for the molecular beam sample and " .
thermal background gas at the PI/PEX region. On the basis N U R R B
of the measured PFI-PE band for XgP3,), we estimate 20 30 40 50
that the ion-energy selection achieved here~i$.0 meV (a) TOF (us)

(FWHM).14

The CH;Br(CHgl) sample with a specified purity of 99%
was obtained from Aldrich and used without further purifi-
cation. All PFI-PEPICO TOF spectra for GBI were re-
corded by introducing the C§Br sample into the PI/PEX 12.2967 eV
region in the form of a skimmed neat GBtr supersonic

12.8556 eV

12.8347 eV

12.8048 eV

PFI-PEPICO Counts

12.7749 eV

LA R B I B I B S T T T T T T T T T

Ar to a total stagnation pressure of about 760 Torr prior to
i i J\/J\’/\Nizjzoiw\_/)}\\ﬂ\&/\&
supersonic and effusive beam samples. .

beam (nozzle diameter127 um, stagnation pressureé’60
expansion through the nozzle. The PFI-PE spectra fopCH
IIl. RESULTS AND DISCUSSION _MM”&WAW

Torr, and stagnation temperaten298 K). The vapor pres-

sure for CHI at room temperaturé98 K) is about 400 Torr. 12.2697 &V
The vapor of a liquid CH sample at 298 K was mixed with _

near their dissociation region were recorded using both the

A. PFI-PEPICO TOF spectra and breakdown diagrams

PFI-PEPICO Counts

for CH ;X

We have collected PFI-PEPICO TOF spectra for,BH 9.5378 eV
in the photon energy region of 12.68-12.89 eV, which is Y
near the 0 K AECH;) from CHBr. Figure 1a) depicts 10 15 20 25 50 60 70

typical PFI-PEPICO spectra of GBr at selected photon en-
ergies, hv=10.5427, 12.7749, 12.8048, 12.8347, and
12.8556 eV. These spectra have been background corrected

using procedures described in previous studfiest photon

energies well below the dissociation threshold, we measuredc. 1. (a) Selected PFI-PEPICO TOF spectra for £lnd CHBr* from

the PFI-PEPICO TOF spectra at a step size of 10 meV, whil&H;Br at hv=10.5427, 12.7749, 12.8048, 12.8347, and 12.8556 eV. The

a step size of 1.0 meV was used at photon energies close 1@F Peak centered at 19.78s is due to CH, and the doublet peaks
P P 9 resolved at 46.32 and 46.94s are associated with GHBr and CH®'Br,

the 0 K AE of reaction(1). The bottom TOF spectrum of -Fig. respectively(b) PFI-PEPICO TOF spectra for GHand CHl™ from CHyl
1(a) was recorded at the IE of GBr with an accumulation ath»=9.5378, 12.2072, 12.2320, 12.2697, and 12.2967 eV. The TOF peaks
time of 5 min. The fact that the photoion background at thecentered at 19.78 and 57.1 are due to CH and CHI™, respectively.

(b) TOF (ps)
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TABLE I. Vibrational and rotational constants for GBr and CHjl.

Vibrational frequenciegcm™1)2

vy(a) v,(a) vs(a) vy(€) vs(€e) ve(€) Rotational constanteem™4)P
CH,Br 2935 1306 611 3056 1443 955 5.08 0.3192
CHal 2933 1252 533 3060 1436 822 5.11 0.2502

®Reference 3.
PReference 30.

IE is low results in excellent signal to noi$8/N) ratios for gt energies beyond ¢h0 K AE(NH2+).16 An observation
the PFI-PEPICO TOF data. As expected, this spectrum aimilar to the case of NHis found here. As shown in Fig.
hy=10.5427eV only manifests the formation of parenti(a) [1(b)], finite residual intensities for the parent
CHgBI’ ions. The TOF peak for the parent ion is resolved intOCH3Br+(CH3| +) ion peaks were found in the TOF spectra at
a doublet at 46.32 and 46.84s, which can be assigned t0 h,=12.8347 and 12.8556 eVhv=12.2697 and 12.2967
ion masses of 94 and 96 amu. The relative intensities of thgy), which are showr(see discussion belowo be higher
doublet reflect the nearly 1:1 natural isotopic distribution forthan tre 0 K AE(CHSZ) from CH;Br (CHgl). This observa-
Br and®Br in CH3Br*. The deconvoluted TOF peaks for tjon can be attributed to coincidence background from hot
CH;"Br* and CH®Br’ have a peak width of 0.3s  electrons and dissociative photoionization of dimers and
(FWHM). Other PFI-PEPICO TOF spectra taken at photorcjysters formed in the supersonic beam. In the;Nad
energies near the dissociation onset show poorer S/N ratiogresent experiment, the ALS dark g&l2 n3 is narrower
The poorer S/N ratios for the PFI-PEPICO TOF spectra obthan that(144 ng used in the PFI-PEPICO studies of ¢H
served athr=12.7749 and 12.8048 eV are also caused byand GH,.*!® Thus, the contamination due to a finite dis-
the fact that these energies lie close to the Franck—Condggersion of hot electrons into the dark gap in the present study
gap region of the photoelectron spectrum for8H?° Con- s higher than that in the latter studies. The hot photoelec-
sequently, a significantly lower PFI-PE counts are observegons occurring at the dark gap are probably responsible for
in this region than those found at the IE of ¢Bi. the majority of coincidence background associated with the
We have recorded PFI-PEPICO TOF spectra foslGh  detection of stable, cold parent ions. Under the conditions for
the photon energy region of 12.15-12.32 eV. Selected spegupersonic expansion in the present experiment, we expect
tra athV:9.5378, 12.2072, 12.2320, 12.2697, and 122961[‘]8 formation of CHX d|mers[(CH3X) 2] and clusters in the
eV are depicted in Fig. (b). The bottom spectrum of Fig. peam sample. Stemming from the fact that the photon energy
1(b), which was taken at the IE of GH shows the best SIN  range of interest near the 0 K AE for reactiéh) is well
ratio compared to those for other spectra. above the IE of CHX, we expect the formation of Cp*

Table | lists the known vibrational frequencies for from the dissociative photoionization process, such as reac-
CH,X.>% Since these vibrational frequencies are relativelytion (2), to be a dominant channel,

high, we expect that the thermal energy for ZHat 298 K

due to vibrational excitation is small. The thermal vibrational =~ (CH;X),+hv— CHX"+CHsX+e™. (2
energies for CEX molecules in the supersonic beam should

be lower because their vibrational temperatures are expected this reaction, CHX™ is stabilized by the ejection of

to be <298 K. The average rotational energy for thermalCH;X. Thus, the PFI-PEPICO detection of reacti@ may
CHyX at 298 K amounts te=30—40 meV. Assuming that all contribute to a finite coincidence background for &H.
thermal rotational and vibrational energies are available t&€Considering that the narrow photon energy range involved
dissociation, we expect to observe daughtegTObhs below here, we also expect the cross section for readi®rio be

the 0 K AE for reaction(1). The daughter CH ions ob-  independent of photon energy. The argument favoring a finite
served in the PFI-PEPICO TOF spectrehat=12.7749 and contribution to the coincidence background for 8H by
12.8048 eV for CHBr and ath»=12.2072 and 12.2320 eV dissociative photoionization of dimers and clusters is consis-
for CHzl are due to dissociation of thermally excited parenttent with the finding that the abundances for parenf, Giad
molecules. This observation is consistent with the AEs meaC,H, are negligible at photon energies higher than their re-
sured below. As the photon energy is increased, the aburspective 0 K AEs because dimers and clusters for these spe-
dance for the parent ion decreases relative to that for theies are not easily formed under the supersonic expansion
daughter ion. conditions used in these experiments.

At photon energies higher than the 0 K AE, complete  In order to construct the breakdown curves for the parent
dissociation should be observed. This is the case in the PFEH;X" and daughter CH ions, we first obtained the rela-
PEPICO studies of CiHand GH,.'"*®We showed that the 0 tive intensities for CHX* and CH; ions based on their re-

K AE for CH; from CH, (C,H" from C,H,) can be deter- spective TOF peak areas observed in the PFI-PEPICO TOF
mined unambiguously by the energy at which the intensityspectra. The fractional abundance for SH(CH;) at a

for the parent CEI(C,H; ) ion goes to zero. However, in the given photon energy was obtained by dividing the
PFI-PEPICO study of Nk, we observed residual back- CHzX"(CHy) ion intensity by the sum of the G * and
ground coincidence intensities for the parent]Nlén peak CHj ion intensities. These breakdown curves for &H
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FIG. 2. (a) Breakdown curves for CH (open circles and CHBr* (open

squaresfrom CH;Br in thehv range of 12.68—-12.89 eV. The solid lines are . ¥
simulations curves obtained by assuming 80% cold b&0rK) and 20% Eliéri-}slgzn?ga;dﬁ]vmecﬁ Lvreasn fzro??z(i%inlglgezvar}ifg“ d (Iicr:pe?snare
thermal (298 K) CHsBr sample. The error bars represent one standard de- d 9 : : '

iaon. The 0K A s mrked by th beaof o restcoun cure o e rssons 2% S0 1) sy e ot 208 Ko
parent CHBr* ion. (b) PFI-PE spectra for C§Br in the range of 12.68— ple. b

12.89 eV obtained using an effusive begsolid circles, upper specirym deviations. The 0 K AE is marked by the break of the breakdown curve for

+ - H _ _
and a supersonic beafpen circles, lower spectryrsample of CHBr. The t(zi_r'f(la d.u(sbi)n leszEefgc?r?it;abgngﬂ ;I_;r gteran:tethcg (} i :,LA5E ?-sznict) ceIZa?Ib
step at the 0 K AE is discernible in the calbwer) PFI-PE spectrum. 9 P P Y

discernible due to interference by the strong vibrational structure appearing
in this region.

(open squargsand CH (open circlegrepresenting the plots

of the fractional abundances for Gki* and CH, as a func- CH,l* at 12.269-0.003 eV to be the 0 K AECHI) from
tion of photon energy are shown in FigaRfor CHsBr and  cH,1. The respective error ranges of 4 meV and 6 meV for
in Fig. 3(a) _for CHgl. Error bars for |nd|V|_duaI data poiNts  the 0 K AE(CHy) from CHyBr and CHl are consistent with
shown in Figs. £a) and 3a) represent their standard devia- the simulation of the breakdown diagrams for SHo be

tions. o _ described in Sec. Il B.
As shown in Figs. @) and 3a), the fractional abun-

dance for parent iofidaughter ioh decreasesgincreasegas
the photon energy is increased. The distinct feature of th
breakdown diagram for CiBr is the break observed at The breakdown curves for GX* and CH were simu-
12.834 eV, where the fractional abundance forlated by assuming that the ion energy resolution is infinitely
CH3Br*(CH;) becomes a constant of 0.22.78. The S/N  narrow and that the broadening of the breakdown diagram is
ratios of the breakdown data for GHare poorer than those due solely to the thermal energy in the @Hmolecule. The

for CH3Br. A similar break is observed in breakdown dia- distribution of internal thermal energ(E,T),*¢**?°was
gram for CHl at 12.269 eV, where the fractional abundancedetermined by Eq(3), which depends on the density of the
for CHyl *(CHy ) reaches a constant of 0.4882. Similarto  rovibrational stateg(E),

the analysis of PFI-PEPICO data for NHwe have assigned E)e ERT

the break of the breakdown curve of Gt at 12.834 p(E’T)ZZ()%_
+0.002 eV to be th 0 K AE(CHZ) from CHyBr and that of Jop(E)e ERT

B- Simulation of the breakdown diagrams for CH 53X

()
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The density of rovibrational states for G¥lwas calculated ey
using the Beyer—Swinehart direct count algorithivased on A
the vibrational frequencies and rotational constants listed in o5
Table I. The simulation were obtained by convoluting this
thermal energy distribution with a step function at the 0 K
AE as given by Egs(4) and(5),

0.4

AE—hv or O
Parenthv)= fo P(E)dE, (4)

AE(0K)
Daughtethv) = P(E)dE. (5)
AE—hv or O

Fractional abundance

0.3

We note that the parent ion integral is valid only up tolthe
equal to the AE. Ideally, beyond thav value the parent ion
signal is zero. The simulation of the breakdown curves also
assumes a constant false coincidence background, resultin . L
in a constant fractional abundan@22 for X=Br and 0.18 12.82 12.83 12.84

for X=1I) for CH;X " athy=AE. The breakdown data were hv (eV)

fitted by two mdependent parameters, namely, th83)CH FIG. 4. A magnified view of the breakdown data for 8" (OJ) in thehw

temperature and the 0 K AE. The sample temperature 90Mange of 12.811-12.881 eV. The break resolved at 12.834 eV marks the 0 K

erns the slope at which the 0 K AE is approached. If theag(cH;) from CH,Br. The middle solid curve represents the best simula-

sample temperature was 0 K and in the absence of therm#één curve. The assigned error limit af0.002 eV for the latter 0 K AE is

background gas in the chamber, the breakdown curves fdﬁnsstent with that pbtamed by simulation, which has taken into account
+ . . the data fluctuation in the range bounded by the upper and lower dashed

CHoX* and CH would be a step function. Assuming the .es.

CHsBr sample to consist 0&20% thermal(298 K) back-

ground and~80% cold(20 K) beam sample, we have ob-

tained an excellent simulatidisolid lines, Fig. 2a)] of the  C. PFI-PE spectra for CH 3X

breakdown curves for Ci8r* and CH; , yielding a value of T1
! The neutral CHX(X*A;) ground state possess€s
A + 1 v
1.2'83 0.002 e\/ fgr te 0 K AB(CH;) -from CHgBr. In symmetry and has the main electronic configuration
Fig. 3@, the solid lines represent the simulated breakdowr]..(1a1)2(2a1)2(1e)4(3a1)2(2€)4.gg The ejection of an

N .
curves for CHI™ and CH; calculated by assuming that the electron from the highest occupieca-drbital results in the

temperature for CHl is 298 K with little contribution from . o T2 .
the cold beam sample. This simulation provides a value O;ormatlon of the ionic CHX" (X "E) ground state. This state

12.262-0.003 eV for tle 0 K AE(CHZ) from CHyl. As with the configuration --(2e)° is subject to the Jahn-Teller

. . . vibronic distortion. However, to a first approximation, we
shown in previous study, the detailed structure of break- bp

down curves derived from PFI-PEPICO measurements de- label the grofng 2|on|c stagg 10 consist of the spin-orbr
mponents CEK " (X *Eg2.1/) .

pends on the Stark field. Thus, the temperatures used in e o .
simulation of the breakdown curves are not expected to re- 1he IHCHsBr" (X°Ez;)] measurements rgeported n
ous  photoionizatio®®  photoelectrorf?  and

flect the actual temperatures of the gas sample involved. PréeVi _ :
We emphasize that ¢10 K AE(CH, ) value determined spectroscopit measurements are in excellent agreement

here is based on the intrinsic feature, i.e., the break observeith values mostly in the range of 10.53-10.54 eV. In order
in the breakdown curve for Cpt*, and is not dependent on to obtain a more precise value for the IE of ¢B4, we have

the detailed simulation of the breakdown curves. Howevern€asured the PFI-PE spectrum near the ionization onset of

the successful simulation of the breakdown curves can b&HsBr (not shown here The spectrum was measured using

taken as support of the rationale for the AE assignment. 12" effusive CHBr beam with a step size of 0.5 meV. The

order to illustrate the precision of the present AE determinal’F!-PE resolution achieved was better than 1 nieWHM)

tion, we have plotted in Figt a magnified view of the break- @S indicated by the PFI-PE peak fortt(Fps,?)_ The PFI-PE
down data for CHBr* (open squares together with their 0ands for CHBr*(X?Eg;, ) thus obtained exhibit a
error bars(two standard deviatiohsin the photon energy FWHM of ~3-5 meV. Since the electron removed from the
region of 12.811-12.881 eV. The solid curve represents th&&-0rbital is a lone-pair electron associated with the Br atom
best simulation curve. It is clear from this figure that the@nd is not involved in bonding of C48r,”" the peak posi-
break (marked as 0 K AE by the arrowof the CHBr* tions of the PFI-PE bands are expected to provide accurate
breakdown curve can be identified at 12.834 eV with an errofneasures for the [EH;Br* (X ?Eg;1/)] values. Based on
limit better than+3 meV. The assigned error limit of0.002 the peak positons of the PFI-PE bands for
eV (+ one standard deviatioris consistent with that ob- CHgBr*(X?Ezp1), we obtained |ECH;Br' (X 2Ezp)]
tained by simulation, which has taken into account the datas 10.5427-0.0010eV and |ECH3Br* (°Ey»)] =10.8615
fluctuation in the range bounded by the upper and lower=0.0010eV. 5

dashed curves of Fig. 4. The respective IECHSl T (X 2Egp)] and

0.2

T v A S
12.85 12.8712.88
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IE[CHgl " (?E)»)] have been determined previously to be The dominant decay channels for ¢B#* are autoioniz-
769325 cm ! (9.5386+0.0006 eV and 819835 cm *  ation and fragmentation. At energies below the(8E; ,
(10.1646-0.0006 eV in a nonresonant two photofiN2P) the PFI-PE signal is due to procesg)6and is proportional
laser PFI-PE by Strobeit al3* These values are in excellent to the concentration of C}Br* species that have survived
agreement with the values [IEH " (X2E3,)]=76930 the decay for a time longer than the delay#~10"'s) of
+1lcm ! (9.53810.0001 eV and IHCH;l " (°Eq)] the PFI pulse relative to the excitation VUV light pulse. For
=81979 1 cm ' (10.1641-0.0001 eV determined by the CH,Br* species that have spontaneously autoionized at a
extrapolation of Rydberg seriés.We have measured the time shorter thanAr are lost to PFI detection. The GH
PFI-PE bands for CH™ (X *Ep,,11) and obtained values of species formed at the AE are expected to converge to the
IE[CHyl (X ?E/)] =9.5377+0.0010 eV and ground state of CH, i.e., below the IE of CH. Conse-
IE[CHyl * (*E4/»)] = 10.1639-0.0010 eV. The fact that these quently, autoionization is not accessible to THagments.
latter meas_urements are in excellent agreeme.nt with resultg,e CH fragments produced at energies slightly above the
of the previous N2P-PFI-PE and Rydberg series extrapolaxg can only autoionize by rotational autoionization. The lat-
tion studies indicates that the[EH;Br* (X *Egp,1)] values o process is expected to be slower than vibrational and

determined here are highly reliable. electronic autoionization for the case of ¢B#*, which lies

Figure 2Zb) shows the PFI-PE spectra for Bt in the :
energy region of 12.68—-12.89 eV obtained using an ef“fusivéNeII above the IE of ChBr. Assuming that the decay rates

. . via fragmentation for CkBr* and CH are similar, we ex-
sample(upper spectrum, solid circleand a supersonic beam ) :
sample(lower spectrum, solid circlesof CHgBr. This en- pect that a larger fraction of CHsurvives the decay than

ergy region covers the 0 K AEHZ) from CHBr. In the that of CHBr*. This explains why thg PFI.—PE signals de-
previous PFI studies, sharp steps were found in the PFI-pEved from process @) at photon energies slightly above the
spectra for CH, CH,, and NH, marking precisely the AE are higher than that observed below the AE. The obser-
corresponding 0 K AEs for CH, C,H™, and NH deter- Vvation of the sharp step feature in the PFI-PE spectrum is
mined in PEI-PEPICO measuremelis!®A detailed discus- consistent with the conclusion that the conversion from
sion concerning the conditions for the observation of a stefcHzBr* to CH; is complete prior to processd and that

at the 0 K ion dissociation threshold has been giverthe dissociation process has a rate constant/Ar
previously*>'®As shown in Fig. ?), the PFI-PE spectra for (~10"s 1).1516

CH3Br are highly structured, consisting of complex vibra- As pointed out above, the dissociation leading to the
tional bands for the ChBr*(A2A;) state’® Although the  production of CH from CHyBr* formed by VUV excitation
PFI-PE spectrum obtained using an effusivesBHsample  of thermally excited CHBr molecules occurs below the 0 K
at 298 K shows a general increase in PFI-PE intensity as thRg. As a result of the magnification of PFI events for £H
photon energy is increased, a step at the 0 K@) isnot  fragments, the PFI-PE spectrum observed using an effusive
discernible. Comparing the PFI-PE spectra using effusivgaam of CHBr [upper spectrum in Fig.(B)] is expected to

and supersoni(j beam, we can clearly identify a sharp step gt itest a higher nominal temperature than the actual tem-
the 0 F AE(t.CH3f) afbrga&ki%'ggfrg'?i)'zggjioob(s)grzva?/og IS perature of the thermal GBr sample. This would result in
a confirmation for (CH; )=12. : VU the efficient filling of the step in the PFI-PE spectrum. This

termined in the PFI-PEPICO TOF study of ¢, analysis indicates that the step occurring at the 0 K AE of a

In accordance with the conclusion of previous di iati hotoionizati . dilv identi
studies's~2® the formation of CH from CHiBr in the lissociative photoionization process is more readily identi-
ggd using a cold sample.

present PFI experiment is believed to proceed via process ) )
6(a), 6(b), and &d) at energies slightly above the ABH; ), The PFI-PE spectrum for GHin the region of 12.15-
while CHsBr* ions are produced by processéa)éand &c) 12.40 eV measured using a supersonictam sample is

below the AECHY), shown in Fig. 8b). This spectrum reveals strong vibrational
PFI-PE bands for the CH" (A 2A,;) state, which is formed
(a) (b) by the removal of an electron from theagorbital in the

CHBrhs — CH,Br* . CH:+Br CHaX(X 'A) stfaltez.9 These vibrational bands have been ob-

served and assigned previously to excitations of the umbrella

1(c) L(d) mode (,) and C-| stretching mode w»{) of
CHBr* +e” CHi+e ™. (6) CHgl*(A2A;).% The excitation of these modes is to be ex-

pected considering that theagorbital has predominantly
Here, CHBr* and CH represent excited CjBr and CH, C—I bonding character. The step expected at the 0 K
respectively, in long-lived higin- (n=100) Rydberg states AE(CH;) [marked in Fig. 8)] coincides with the rising
and CHBr*" stands for internally excited GjBr*. Pro- edge of a strong vibrational PFI-PE peak, and thus cannot be
cesses @) and Gd) are PFI processes. This mechanism sugddentified. The previous threshold photoelectron-photoion
gests that CkBr* fragments into CEl+Br at energies above coincidence(TPEPICQ study’’ indicated that the dissocia-
the AE(CH3 ) prior to the PFI process(6) and is responsible  tion rate of CHI™ is slow near threshold with a value of
for the sharp step at 12.834 eV observed in the cold beam10’s 1. Thus, a step might not be observable in the
PFI-PE spectrum of C#Br shown in Fig. 2Zb). PFI-PE spectrum of CH.
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TABLE Il. Comparison of values for ionization energidg&s) of CH;Br and CH;, 0 K heats of formationAng) for CH3Br, CH;Br", CHs;, and CH ,
0 K AE for CH[AE(CH;)] from CHBr, and 0 K bond dissociation energié3,’s) for CH;—Br and CH —Br.

IE(eV) A¢HS (kJ/moly? D, (eV)P
AE(CH;)
(eV) CHgBr CH;, CHgBr CHgBr* CH;, CHj CH,-Br CHj -Br
12.834-0.002 10.54270.0010 9.838G+0.0004 —21.3(*0.42 995.88:0.42 149.83-0.3F 1099.05:0.33 2.996+0.002 2.29%0.002
[10.8615:0.0010° (—36.36+0.42° (981.52:0.42° (147.230.33° (1095.62:0.33"

12.77 10.541+0.003 9.84+0.01 —23.0+1.3"

(—38.1£1.3™

12.80+0.03' 10.54+0.01" 9.843+0.002  —19.24+0.84

(—34.31:0.84"

10.53 —22.5+1.5%P

(—37.5+1.5P

—-22.6+1.2P

(=37.7+1.3P

G2/G3 prediction$
12.75/12.83 10.62/10.63 9.77/9.85 —14.6/~19.2  1009.6/1006.7 154.8/149.8 1097.0/1100.4 2.98/2.97 2.13/2.20
(—=29.7/-34.3  (995.4/992.0  (152.3/146.9 (1093.7/1097.p

The values in parentheses areH?,q; values converted from¢HJ values. See the text.
BThis work.

°The upper value is [EEH;Br* (X 2Ep,)]. The value in square bracket is[BHzBr" (2Ey,,)].
dReference 23.

®References 17 and 23.

Reference 17.

9Reference 38.

"Reference 32.

'Reference 33.

IReference 29.

“Reference 3.

'Reference 39.

"Reference 2.

"Reference 40.

°The A{HY, value is converted from ;H?,qg value.
PReference 41.

9References 5 and 6.

D. Thermochemistry of the CH 3)(/CH3X+ System error limit for Ang(CH4) The

We have listed in Table Il selected AfH3(Br)=117.93-0.13kJ/mol(Refs. 3 and 2lis also well
experimentat!? 232932333844 theoreticlvalues for the Kknown. Combining these values for\;Hg(Br) and
IEs of CHBr and CH, A(H's of CHyBr, CHgBr", CH,,  AfHG(CH3) and the 0 K AECH;) from CHgBr determined
and c|-g, 0 K AE for CH§ from CH,Br, and Dy's for here, we obtained a value 0f21.30+0.42 kJ/mol for
CH,—Br and CH -Br. The 0 K Ang(CH3Br). The NIST WebBooklists three experimental
AE(CH;)=12.834-0.002 eV obtained here is higher than AfH3e(CHzBr) values: —37.7+1.3, —37.5+15, and
the literature values determined by PIE measurem®ifs, —34.31:0.84 kJ/mol!®* Using the known vibrational fre-
which are in the range of 12.77-12.80 eV. The latest NISTquencies for ChBr, we have converted these values to
compilation recommended a value of 10.341.003 eV for A{H3(CH3Br) values of —22.6+1.3, —22.18-1.5, and
the IE of C~I-§Br3, which is in excellent accord with the —19.25+0.84 kJ/mol, respectively. The present value
IE[CHsBr* (X 2Egj»)] value of 10.542%0.0010 eV deter- AfHS(CH3Br)=—21.30t0.42 kJ/mol lies in the range of
mined in the present study. The[lEH;Br* (X 2E5,)] and 0  Previous experimental measuremetitd® and has a lower
K AE(CHJ) from CHyBr determined here give the error limitthan those for the latter values.

Do(CH; —Br)=2.291+0.002eV. Combining the 0 K We have listed in Table IlI  selected
AE(CH;) from CHyBr and the known IE for Chiobtained ~experimental"*>*"4**%and theoreticdl® values for the IEs
in a previous PFI-PE stud§,we calculate a value of 2.996 Of CHyl, A{H{'s for CHyl and CHI™*, 0 K AE(CHJ) from
+0.002 eV forDy(CHz—Br). CHal, Dy’s for CHz—1 and CH; —I. The previous PIERefs.

The 0 K AECH;) from CH, was determined to be 38 and 42 and TPEPICO(Ref. 37 studies yield values in
14.323-0.001 eV (1381.975-0.084 kJ/mol in a previous the range of 12.18-12.260 eV forettd K AE(CH;) from
PFI-PEPICO study’ Using the latter value, together with CHgl. The present value AEEH;)=12.263-0.003 eV lies
the knownAng(CH4)=—66.90t0.33 kJ/mol (Ref. 21 and  on the high energy side of these values. In view of the ex-
A¢HS(H)=216.020-0.004 kJ/moP! we have obtained cellent agreement between results obtained in the spectro-
A{Hg(CHJ)=1099.05-0.33 kd/mol*’ We note that the pre- scopic and N2P-PFI-PE studi&s;®we consider that the IE
cision of this Ang(CHg) value is limited mainly by the values for the formation of CHi*(X 2E3/2,1/2) from
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TABLE Ill. Comparison of values for ionization energies of @H0 K heats of formation 4 ;H3) for CHl and
CHsl™, CH,, and 0 K AE for CH [AE(CH;Z)] from CHl, and and 0 K bond dissociation energi@y’s) for

CHs—I and CH; —I.
AH3 (kd/mol)° D, (eV)©
AE(CHY) IE (eV)? o 0
(eV) CHgl CHgl CHgl* CHg—| CH; -1

2.262£0.003 0.538#0.000f  22.43:05F  941.1%05CF  2.431+0.003 2.7310.003
[10.16410.0001° (13.22+0.50°  (932.66£0.50°

12.24+0.01 9.5377:0.0016 23.5+1.4)
[10.1639:0.001(0° (14.3+1.4)
12.18 9.5386+0.0006 23.8+1.0K
[10.1646-0.0006"  (14.6+1.0)
12.260+0.013 25.1+1.3M
(15.9+1.3™
G2 prediction8
12.17 9.74 30.5 970.3 2.40 2.43
(21.3 (961.9

The upper value is IEEH;l " (X ?E3j»)], and the value in square bracket i @H,l ™ (2Ey0)].
PThe values in parentheses argH g, values converted fromHJ values. See the text.
“This work.

dReference 35.

¢Obtained by combining the IE of Ref. 35 andH determined in the present study.
Reference 37.

9Reference 38.

"Reference 34.

'Reference 43.

IThe A;H?, value is converted from thA;H%, value.

KReference 44.

'Reference 42.

"Reference 45.

"Reference 5.

CH3I(;( 1A,) are well known. The more precise spectro- prediction. The maximum deviations of 13.8 and 10.9 kJ/mol
scopic  determinatior IE[CH3I+(;( 2g,,)]=9.5381 &€ observed for the respective G2 and G3 predictions for
+0.0001eV and IECH,l* (2Ey)] = 10.1641 0.0001 eV, AH%(CH3Br*)/AH?,0 CHsBr*). These errors are greater

are recommended here. Using the knownthan the targeted errors of the G2/G3 computational
A¢HS(1)=107.165-0.042 kJ/moF2 A¢HO(CHS procedures:® The larger errors observed here are caused by

=1099.05-0.33 kJ/mol-” and the 0 K AECH; ) of 1183.78 ~ Involvement of ‘the heavy elements =Br and 1 ‘in

+0.29 kJ/mol(12.268-0.003 e\f from CHl, we calculated CHeX/CHzX". At present, G3 calculations cannot be made
a value AfHS(CH3I)=22.43tO.50 kJ/mol. We have con- for iodine-containing compounds. We have only computed

verted this value intoA H%CH,l)=13.22-0.05kJ/mol. e G2 pre+dictions for the IE, 0 K A (Hg, andD, for the
Three experimental valuéd® 143+1.4 14.6-1.0, and CH3I/CH3I+ system. As_ expected, the G2 predictions for
15.9+1.3 kJ/mol, are listed in the NIST WebBobkor CHgl/CHl +are Con_5|derably_ poorer  than thos_e _for
Anggg(CHgl). Taking into account the experimental uncer- CH3Br/CHgBr™. Th_e dlscrep§n0|es between G2 pre+d|ct|ons
tainties, the present result is in agreement with the valudnd the most precise experimental data forsllEH,l ™ as
A¢HZ%g(CHyl)=14.3+1.4 kd/mol obtained by Goldest al*® shown in Table IIl are in the range of 2.9-29.3 kJ/mol.

The best or most precise energetic data for the
C_H3/_CH§, _(:HgBr/CHgB_r+, and CHI/CH4l" systems are |\, CONCLUSIONS
highlighted in bold font in Tables Il and Ill. These energetic
data, including IEs, 0 K AEsA¢HQ's and Dy’s with error We have performed a high-resolution energy-selected
limits <0.50 kJ/mol, for CH/CH3 and CHBr/CH;Br* and study on the unimolecular dissociation reaction,
CH;l/CH,l ™ obtained in the present and previous PFI-PECH;X*—CHj +X, using the PFI-PE and PFI-PEPICO
and PFI-PEPICO measurements should provide a challengeethods. Te 0 K AE(CH3) from CH;X and IE value for
for state-of-the-aréib initio computational quantum theories. CH3;Br obtained in the present study, together with well
We have compared the most precise experimental valuggrown energetic data for Br, I, GH CH; , and CHi, have
with G2/G3 predictions® in Tables Il and Ill. The G3 pre- made possible the determination of more preaﬁsblg and
dictions for the CHBr/CH4Br* system are calculated using D, values for CHX and CHX™. This study shows that
the new basis set for Br provided by Curtisisal*® and are  using the PFI-PE and PFI-PEPICO methods, highly reliable
generally in better agreement with the experimental resultd (H§ values for a range of neutral species can be determined
than the G2 predictions. However, the G3 prediction for theto a precision comparable to those achieved for some of the
IE of CH3Br shows no significant improvement over the G2 most well knownAng values reported in the literature, such
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as Ang(CH4). The comparison of the best experimental 18G. K. Jarvis, Karl-Michael Weitzel, Marcus Malow, Tomas Baer, Y. Song,

energetic data for the G/CHzX " system with G2/G3 pre-

and C. Y. Ng, Phys. Chem. Chem. Ph§s5259(1999.
197, Baer, Y. Song, C. Y. Ng, J. Liu, and W. Chen, Faraday Discl(s5.137

dictions indicates that the G2/G3 values have errors up to (o0

29.3 kJ/mol. We believe that energetic data such as thoS&rT. Baer, Y. Song, C. Y. Ng, W. Chen, and J. Liu, J. Phys. Chidd, 1959
presented here with significantly smaller error limits com- (2000. _ ' _

pared to current literature values would play an important JANAF Thermochemical TabléBow Chemical, Midland, MlI, 19777 J.

Phys. Chem. Ref. Datal, 695 (1982.

role in the development of the next generation of quantumzy, p, Glushko, L. V. Gurvich, G. A. Bergman, I. V. \eits, V. A. Medvedev,

chemical computation schemes.
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